Abstract Older adults require more time to reweight sensory information for maintaining balance that could potentially lead to increased incidence of falling in rapidly changing or cognitively demanding environments. In this study, we manipulated the visual surround information during a collision avoidance task in order to investigate how young and elderly adults engage in sensory reweighting under conditions of visual anticipation. Sixteen healthy elderly (age: 71.5±4.9 years; height: 159.3±6.6 cm; mass: 73.3±3.3 kg) and 20 young (age: 22.8±3.3 years; height: 174.4±10.7 cm; mass: 70.1±13.9 kg) participants stood for 240 s on a force platform under two experimental conditions: quiet standing and standing while anticipating randomly approaching virtual objects to be avoided. During both tasks, the visual surround changed every 60 s from a stationary virtual scene (room) to either a moving room or darkness and then back to a stationary scene to evoke sensory reweighting processes. In quiet standing, elderly showed greater sway variability and were more severely affected by the removal or degradation of visual surround information when compared to young participants. During visual anticipation, sway variability was not different between the age groups. In addition, both young and elderly participants were similarly affected by the degradation or removal of the visual surround. These findings suggest that sensory reweighting in a dynamic virtual environment that evokes visual anticipation interacts with postural state anxiety regardless of age. Elderly show less efficient sensory reweighting in quiet standing due to greater visual field dependence possibly associated with fear of falling.
Introduction
Sensory reweighting is the process of dynamically updating visual, proprioceptive, and graviceptive information for controlling posture. The Central Nervous System (CNS) assigns a weight to each of these channels based on their perceived usefulness for balance maintenance (Oie et al. 2002; Peterka 2002) . As environmental conditions change, the CNS may need to upweight or downweight each of the assigned weights, depending on their estimated contributions to postural control. In particular, a stationary full field visual stimulus, which accurately represents the orientation of the environment, provides a useful reference and subsequently its associated weight will increase to improve postural stability Laurens et al. 2010) . In instances of visual field motion on the other hand, the visual system incorrectly signals self-motion and, therefore, the weight assigned to the visual channel needs to be reduced in order to preserve balance. Following a period of sensory ambiguity and subsequent downweighting of the affected channel, the sensorimotor system requires time to adapt to the reinsertion of reliable sensory information (Jeka et al. 2008; Mahboobin et al. 2005) . Once accurate information is restored, the involved channel is upweighted leading to an imbalance of weights, which results in excessive postural sway. The imbalance is corrected for in the following adaptation phase, in which significant postural sway oscillations are present suggesting a measure of adaptation to the altered sensory context (Peterka and Loughlin 2004) . Posture is less stable and, therefore, more susceptible to falls during the postural adaptation phase.
Normal aging slows the process of sensory reweighting, and consequently, lengthens the postural adaptation phase, when a particular source of sensory information used to control posture becomes unreliable Doumas and Krampe 2010; Horak et al. 1989; Jeka et al. 2006; Teasdale and Simoneau 2001) . On the other hand, when a sufficiently long adaptation time is available and the environmental stimuli are gradually degraded, the sensory reweighting process of both healthy and fall-prone older adults seems to be efficient Jeka et al. 2006) . It should be noted, however, that real world situations, in which the elderly tend to lose their balance, are generally characterized by dynamic and more challenging sensory stimuli, such as a busy street or a suddenly appearing uneven walking surface. In such cases, the prolonged instability associated with postural adaptation to an altered sensory environment may increase the probability of a fall. Yet, how the anticipation induced by the challenges of a dynamic environment could modulate the process of sensory reweighting is not well understood.
Anticipation of unpredictable aversive events delivered through a variety of sensory channels, particularly vision, can induce postural state anxiety that is known to increase sway irrespectively of age (Brumagne et al. 2008; Ishida et al. 2010; Ohno et al. 2004) . This is because an increased level of postural state anxiety imposed by sensorimotor anticipation can modulate the sensory reweighting process for controlling posture increasing the anchoring to vision when this is directly related to perceived postural threat (Bolmont et al. 2002; Hainaut et al. 2011) . On the other hand, this form of anxiety is not present when vision is not available. State anxiety induced by visual anticipation is expected to affect more adversely the elderly's capacity to reweight the available sensory information since cognitive impairment associated with aging affects risk perception in balance threatening conditions (Brown et al. 2002; Hatzitaki et al. 2005; Maki et al. 1991) . In addition, elderly adults experience increased trait anxiety in the form of fear of falling (Yardley and Smith 2002) that also leads to higher visual field dependence (Hainaut et al. 2011) . Nevertheless, how fear of falling interacts with postural state anxiety induced by visual anticipation to impact the elderly's capacity to reweight the available sensory information is not known.
In the present study, we examined how young and elderly individuals engage in sensory reweighting under conditions of quiet standing and while anticipating randomly approaching virtual objects to be avoided. Introducing a collision avoidance task under conditions of visual uncertainty imposes a sensory conflict. On one hand, the potentially less reliable visual environment may require the downweighting of vision in order to maintain a stable posture, and on the other hand, visual information needs to remain of high priority to successfully detect and avoid the randomly approaching object. Two predictions were tested: during quiet standing, the elderly would show a greater postural sway variability and prolonged adaptation to the altered visual environment compared to the young. Second, visual anticipation of the randomly approaching objects would more adversely affect the sensory reweighting process of the elderly than that of the young individuals leading to a greater postural disturbance and a longer adaptation period to the altered visual environment.
Methods

Participants
A total number of 20 young (Young group; eight males, 12 females; age: 22.8±3.3 years; height: 174.4±10.7 cm; mass: 70.1±13.9 kg) and 16 old (Old group; four males, 12 females; age: 71.5± 4.9 years; height: 159.3 ± 6.6 cm; mass: 73.3 ± 3.3 kg) adults participated in the study. Participants were free of neurological and musculoskeletal impairments and had normal or corrected to normal vision. The elderly participants were screened for cognitive function using the minimental status examination (MMSE). Scores below 22 warranted exclusion. Participants were informed of the procedures and provided written consent. All experiments were performed with the approval of the local ethics committee on human research in accordance with the Declaration of Helsinki.
Apparatus
Visual stimuli were delivered by a large (width 128 cm, height 102 cm) stereoscopic projector (Barco Baron 908, Barco N.V., Kuurne, Belgium), viewed through active shutter goggles (Chrystal Eyes 3, Stereographics) at 105 Hz. The virtual environment was developed in C++ and consisted of an empty room with walls, floor, and ceiling textured with an alternating light and dark gray bar pattern (Fig. 1) . The surround environment was darkened, ensuring that only the projector provided optical stimulation. Postural sway changes in the Anterior/Posterior (AP) and Medio/Lateral (ML) directions were recorded using a 3D force plate (Balance Plate 6501, Bertec Corporation, Columbus, USA) at a sampling rate of 105 Hz. Six DoF angular kinematics were captured by a four marker electromagnetic tracking system (Nest of Birds, Ascension Inc., Burlington, USA). Markers were placed on the subject's midline on the forehead, seventh cervical vertebra (C7), hip (1st Sacral vertebra) and the left shank (posterior placement, two-thirds of shank's length from the ankle joint).
Task and procedure
Prior to the experiment, all participants performed the Rod and Frame test (RFT; Reger et al. 2003) to determine the degree of visual field dependency. A rod was visible inside a frame, which would be tilted randomly at +18°, 0°or −18°. The participant was asked to rotate the bar using a dialing motion of the hand, until this was estimated to be vertical. Each participant performed six trials, two in each frame tilt condition. The angular deviation of the rod's final position from the actual vertical was recorded in degrees. Upon completion of the RFT test, participants were asked to perform two tasks: a) a quiet stance and b) a collision avoidance task.
Quiet stance (QS)
In the quiet stance (QS) task, participants stood on the force plate for 240 s under four visual conditions, each lasting 60 s. They were asked to stand quietly in a relaxed position (intermalleolar distance: 10 cm, Fig. 1 An illustration of the virtual scene displayed during an object avoidance trial. The virtual scene contained a grating pattern room that was successively presented under four (4) 60-s long visual conditions: 1) Stationary Surround (SS1), 2) Moving Surround (MS) during which the scene oscillated in the anterio-posterior direction (0.33 Hz, 20 cm), 3) No Surround (NS) during which the virtual scene was removed and 4) final Stationary Surround (SS2) arms freely hanging on sides) and fixate on the projection screen (positioned at a distance of 2 m from the participants' head). During a 240-s long trial, the participant was exposed to a sequence of four visual conditions (Fig. 1 ). In the baseline condition, the virtual Surround remained Stationary (SS1). In the No Surround condition (NS), the virtual environment was removed, thereby removing all visual information. In the Moving Surround (MS) condition, the virtual surround oscillated sinusoidally in the Anterior-Posterior (AP) direction (frequency: 0.33 Hz, amplitude: 20 cm). In the final 60 s, the virtual Surround was Stationary (SS2) again. SS1 was always presented as the first condition. The sequence of the NS and MS conditions was randomized with each participant receiving both sequences and always ending with SS2.
Collision avoidance (AV)
The collision Avoidance (AV) task consisted of 20 target stimuli that were delivered at random time intervals ranging between 4 s and 16 s, across the four 60-s visual conditions (see above), five per condition. The target stimulus was a rotating virtual sphere (10 cm in diameter, light green in color to resemble a tennis ball) traveling at a constant velocity from the center of the screen towards the participant's face (Fig. 1) . The projector's height was individually adjusted to the participant's height in order to ensure that the sphere always intersected the participant's face. Participants were asked to avoid collision with the sphere by displacing the trunk in the ML direction and without moving the feet off the platform. The avoidance was successful if the sphere's end coordinates were outside a circular 20 cm range around the C7 marker's coordinates. After each avoidance response, the participant was asked to return to the initial position and wait for the next sphere. Anticipatory leaning in the ML direction was controlled for by providing a blue feedback square in the center of the screen whenever a participant was leaning to one side in between target presentations. The order of presentation of the NS and MS visual conditions was randomized with each trial always ended with the SS2.
Prior to testing, a familiarization trial was performed to ensure learning of the task and adjust the target's velocity to the participant's avoidance skill. During the familiarization trial, feedback was provided on whether the avoidance was successful or not. In case of target collision, a red square (10× 10 cm) was visible for 3 s in the center of the screen after completion of the avoidance response. Based on feedback provided by the red square, participants performed avoidances until a 90% successful avoidance rate was achieved in a given trial. In addition, target velocity was adjusted in the learning phase and held stable in the following trials. The target velocity range in the Young group was 2.25 m/s-2.86 m/s. The target velocity range in the Old group was 1.75 m/s-2.10 m/s.
Each participant performed a total of three experimental trials: one QS and two AV trials. For the two avoidance trials, the average performance within each participant was considered for further analysis. The experiment was concluded with the administration of a short questionnaire containing items from the Immersive Tendencies Questionnaire (ITQ) and the Presence Questionnaire (PQ) to assess VR immersion effects (Table 1) .
Data analysis
Ground reaction force and electromagnetic tracking signals were synchronously sampled at 105 Hz and further processed in MatLab (Mathworks Inc., USA). All data time series were low pass filtered using a fourth order zero-lag Butterworth filter with a 5 Hz cutoff frequency. Force platform recordings were processed to determine AP and ML components of Similarly, the collision avoidance (AV) task was analyzed by separating each 240-s trial in twenty 12-s time windows (avoidance intervals) resulting in the analysis of five avoidances per visual condition. Postural sway variability in the AP direction during anticipation of the virtual sphere was quantified in terms of the Standard Deviation of the CoP displacement rate (SD dCoP) over a 4-s time window prior to the appearance of the sphere on the screen. Stabilization Time (ST) was the time it took for the postavoidance dCoP variability to match the premovement dCoP variability in seconds. The ST measure was only used to ensure that the participant returned to a stable posture prior to the 4-s period that was used to calculate the SD dCoP variable of the following time window. In addition, the peak to peak CoP displacement in the ML direction during the anticipatory and focal phases of the postural adjustment to the approaching sphere (Fig. 3c ) was calculated as a measure of the amplitude of the avoidance response. The maximum trunk velocity (dC7max) in the ML direction for avoiding the approaching sphere was also calculated.
Statistical analysis
Performance measures were compared between the two age groups, across the four visual conditions and five time intervals of each visual condition using a 2 (Group)×4(Condition)×5(Time) repeated measures ANOVA. The analysis was run separately for the QS and the visual anticipation (AV) trials. Significant interactions were further analyzed using post hoc paired samples t-test comparisons between the visual conditions and time intervals within each condition separately for each age group. Age differences in visual field dependence were analyzed employing a 2(Group)×3(Tilt) repeated measures ANOVA on the RFT scores. In order to investigate the relationship between visual field dependence and postural instability, the mean (averaged across all tilting positions) RFT score was correlated with the mean SD dCoP measure averaged over the first five time intervals of the SS1 (static background) condition separately for the QS and AV trial. As the underlying distribution of measures consisted of two subgroups, nonparametric correlation analyses were performed. The ordinal nature of the Likert scale ITQ and PQ items of the questionnaire required the use of Mann-Whitney U test for independent samples comparisons. Within each of the subscales, comparisons were made between the age groups.
Results
Analysis of the responses to the administered questionnaire containing ITQ and PQ items confirmed that both young and elderly participants were equally immersed and engaged by the virtual environment. Mann-Whitney U tests performed on the sum-scores revealed only the FOCUS subscale scores were significantly different between the age groups. Significantly higher FOCUS scores were noted in the young group (Z(46)=−3.492, p<0.001).
Visual field dependence
The analysis on the RFT error scores revealed a significant Group effect on visual field dependence (F (1, 25)=6.463, p<0.001). The old group participants displayed a significantly greater error in estimating verticality compared to the young group (Fig. 2) . Analysis also revealed a significant effect of the Tilt (F (2, 50)=3.968, p<0.05) suggesting a greater error in estimation of verticality when the frame was tilted in either direction. No Group by Tilt interaction effect was noted. For this reason, a composite (averaged across tilting positions) RFT score was used in subsequent analysis.
Sway variability in quiet stance (QS) on the AP axis
Exemplar traces of the CoP velocity profiles plotted for one representative old and young participant across the four visual conditions are shown in Fig. 3a . Postural performance of the old participant was characterized by more variable sway patterns that were modulated by the visual conditions in contrast to the young participant's sway patterns that remained unchanged across conditions. A significant Group × Condition × Time interaction (F (12,336)=1.959, p<0.05) on the SD of dCoP indicated that the rate of adaptation across the successive time intervals was dependent on both the age group and the visual condition (Fig. 4a) . Specifically, the reduction of sway variability over successive time intervals was significant for the old but not for the young group as also confirmed by a significant Group × Time interaction (F (4,112)=2.477, p<0.05) and a significant Time effect for the old group (F (4, 56)=4.645, p<0.01). Moreover, the age-associated decrease of the SD of dCoP over successive time intervals was significant only in the degraded visual conditions (NS, MS) as confirmed by a significant Condition×Time interaction effect (F (12,168)=1.906, p<0.05). Post hoc comparisons performed between the four visual conditions indicated that the old group's sway variability was greater in the NS (p<0.001) and MS (p<0.001) relative to the SS1 visual condition. The difference between SS1 and SS2 was not significant suggesting that the elderly were able to reduce sway variability to baseline levels once the static visual scene was reinserted. In the young group, sway variability was not affected by the visual scene manipulation as this was confirmed by the absence of significant differences across the visual conditions and between the successive time intervals within each condition. Overall, during quiet stance, old group participants displayed significantly greater SD of dCoP compared to the young group (F (1, 28)=9.182, p<0.01; Fig. 4a ).
Sway variability in visual anticipation (AV) on the AP axis
The CoP velocity traces during the successive 4-s intervals of visual anticipation prior to the appearance of the sphere in the visual scene are plotted in Fig. 3b for one young and one old participant. Sway variability while anticipating for the sphere was not significantly different between the age groups as confirmed by the absence of a main effect for the Group on the SD of dCoP measure (Fig. 4b) . On the other hand, this significantly increased for both groups in the NS (p<0.05) and MS (p<0.001) visual condition but returned to baseline in SS2 (Fig. 4b) as also shown by a significant visual Condition effect (F (3, 78)=12.236, p<0.001). A Time effect on SD of dCoP was also noted suggesting that variability decreased across successive time intervals within each visual condition (F (4,104)=6.507, p<0.001). Specifically, post hoc comparisons between the time intervals revealed that SD of dCoP decreased significantly between intervals 1-3, 1-4, and 1-5 (p<0.05) while this was not significantly different between intervals 1 and 2. This pattern of change was common in both age groups.
Collision avoidance on the ML axis
The collision avoidance response was depicted in the peak to peak CoP displacement in the ML direction and the maximum upper trunk roll velocity. Figure 3c shows a representative CoP displacement trace in the ML direction during one avoidance trial for one old and one young participant. The statistical analysis revealed that elderly participants had a significantly smaller peak to peak CoP displacement (F (1, 32)=7.842, p<0.01; Fig. 5a ) and a slower upper trunk velocity (F (1, 34)=24.351, p<0.001; Fig. 5b ) when avoiding the virtual sphere compared to their young counterparts. On the other 
Relationship between visual field dependence and sway variability
In QS, the Spearman ρ between the RFT score and the SD of dCoP measure was significant (ρ=0.459, p<0.05). This suggests the degree of visual field dependence is an indicator of the level of postural instability in quiet stance. On the other hand, the correlation between the RFT score and mean SD dCoP in the first five intervals (SS1) of the AV trial was not significant suggesting the possible link between visual field dependence and postural instability is not present in conditions of visual anticipation.
Discussion
The current study investigated how young and elderly adults reweight the available visual surround information under conditions of quiet standing and while anticipating randomly approaching virtual objects to be avoided. Whereas an age-induced decrement in sensory reweighting was evident in quiet stance, under conditions of visual anticipation induced by the randomly approaching virtual objects, young and old individuals were similarly affected by the removal or degradation of visual surround information.
Sensory reweighting in quiet stance
Elderly participants increased sway variability when the visual surround became ambiguous (room oscillations) or was removed (no virtual scene). Within each 60-s long visual condition though, they were able to reduce sway variability over time suggesting an effective adaptation process to the particular visual manipulation. Note, however, that they required more than 30 s after reinsertion of the stationary visual surround to decrease their sway variability to baseline levels. These observations are in agreement and extend those of previous studies showing an age-induced slowing of the sensory reweighting process as this is evident in a longer adaptation phase when the accurate sensory information for controlling posture is either degraded or reinserted Doumas and Krampe 2010; Jeka et al. 2006; Teasdale and Simoneau 2001) . This age-associated slowness can be attributed to a reduction of the available cognitive resources and to an overall slowness of information processing (Salthouse 2000) that makes the reweighting of the available sensory information a cognitively demanding task that is subject to prioritization and competition effects. This in turn, could compromise the automatic control of posture resulting in a longer postural adaptation phase (Teasdale and Simoneau 2001) . Young participants on the other hand, were less affected by the visual surround manipulation suggesting an effective sensory reweighting process when standing quietly. The almost invariable sway patterns across the visual conditions suggest a rapid downscaling of the visual channel in concert with upweighting of the proprioceptive and graviceptive channel in order to minimize the excessive sway induced by the imbalance of weights.
The greater impact of the visual surround manipulation on the elderly sway patterns could be due to their greater visual field dependence for controlling quiet standing. Higher field dependence scores correlate with postural instability (Isableu et al. 1998) . Our RFT results indicated that elderly participants were more reliant on visual surround information for establishing verticality compared to their younger counterparts. This suggests a greater reliance on external and contextual visual cues for controlling posture and subsequently a greater impact of the visual surround manipulations on their sway. This is not uncommon when considering the faster age-induced degeneration of the proprioceptive and vestibular systems, over the years, which inevitably increase the weights assigned to vision for controlling posture (Jamet et al. 2004; Lord et al. 1991) .
Sensory reweighting during visual anticipation
While anticipating for the approaching objects, both young and old participants increased sway to similar levels of instability as soon as the visual surround was removed or started oscillating. One possible explanation for the greater impact of the visual surround degradation on the reweighting process could be visual anchoring induced by the anticipation task. It is possible that visual anticipation of the randomly approaching objects increased visual anchoring and may have upweighted the visual contribution to the control of posture resulting in excessive sway variability. Visual fixation or anticipation of an unpredictable event in the visual domain strengthens the anchoring of vision to the environment with positive effects on postural stability when the visual environment is reliable (Guerraz et al. 2000; Laurens et al. 2010) . However, when the visual input is attenuated, i.e., during visual field oscillations or in the absence of peripheral visual cues, this anchoring process may compromise postural stability (Glasauer et al. 2005; Laurens et al. 2010) . A similar increase in sway variability was observed in our study when the visual surround was removed or became ambiguous. A comparable increase in sway variability between the age groups though suggest that both young and old participants could not downweight the visual coefficient when visual ambiguity was introduced possibly because they were required to maintain focal vision to the screen in order to effectively detect and avoid the randomly approaching objects. It should be noted, however, that a relative (almost 50% when compared to quiet standing) increase in sway variability was noted in the stationary visual environment (SS1) as well under conditions of visual anticipation. For the visual anchoring hypothesis to hold, postural sway should have been reduced in the stationary visual environment to levels similar to quiet standing, which was not the case.
An alternative explanation of the increase in sway variability observed in response to the visual surround manipulation in both age groups could be the anticipatory anxiety induced by the collision avoidance task. Anticipation and anxiety are mediated by the same neural pathways, suggesting the concepts are interrelated (Herry et al. 2007) . Anxiogenic conditions, i.e., performance on a visual stroop test, could induce faster and larger body sways while standing (Hainaut et al. 2011 ). When anxiety is directly related to perceived postural threat, elderly adults could adopt an ankle stiffening strategy that results in smaller amplitude and higher frequency of sway (Adkin et al. 2000; Brown et al. 2006; Carpenter et al. 2001) . Postural state anxiety in this case could influence the interactions of visual with vestibular and somatosensory cues resulting in increased sway due to the greater visual anchoring induced by the perceived postural threat (Adkin et al. 2000; Ohno et al. 2004; Wada et al. 2001 ). In the current study, we assumed that the collision avoidance task required a trunk roll response sufficiently challenging to evoke a postural threat perception. This assumption was confirmed by the emergence of an ankle stiffening strategy in the elderly participants as this was reflected in the age-induced reduction of the CoP amplitude and upper trunk's velocity during the avoidance response. Contrary to what was expected, however, the relative impact of the state anxiety possibly evoked by anticipation of the colliding objects was greater in the young than in the old participants' capacity to effectively reweight the available sensory information.
One possible explanation for the reduced impact of state anxiety on the old compared to young participants' reweighting capacity could be an additional aged-induced trait anxiety that is present in the form of fear of falling. While trait anxiety was not directly measured in the current study, the RFT scores, revealing greater visual field dependence in the elderly participants, provide an indirect support of the presence of postural trait anxiety in our elderly group. Elderly's higher visual field dependence was also confirmed by their more variable sway responses to the ambiguous visual conditions in the quiet stance task. Moreover, our correlation analysis revealed a significant relationship between visual field dependence and sway variability in quiet standing. It has recently been shown that state anxiety disturbs the ability to use vestibular and/or somatosensory inputs in individuals with low trait anxiety but not in individuals with moderate trait anxiety, characterized by higher levels of field dependence (Hainaut et al. 2011 ). This finding is in concordance with Holmberg et al. (2009) , who found that normal postural sway differences between healthy individuals and phobic postural vertigo patients were significantly attenuated under conditions of increased postural threat induced by Achilles tendon vibration. It has been suggested that sway responses in anxiety inducing specific contexts are not increased in individuals with postural trait anxiety as a further increase in sway is judged to be a danger to the individual's well-being (Balaban and Thayer 2001) . Based on these findings, it could be speculated that due to their postural trait anxiety, elderly adults were less vulnerable to the anticipatory anxiety induced by the collision avoidance task, and therefore, their reweighting capacity was no more adversely affected when compared to their young counterparts.
In summary, the results of the current study suggest the sensory reweighting for controlling posture in a dynamic virtual environment is affected by state anxiety induced by the visual anticipation of aversive events that could directly threaten balance. Age-associated trait anxiety in the form of fear of falling interacts with state anxiety to reduce the aversive effect of visual anticipation on the older adults' capacity to effectively reweight the available sensory information in a dynamic environment. It should be noted, however, that trait anxiety in the form of fear of falling was not directly measured in the group of elderly participating in the present study. Through what mechanisms anticipation and anxiety influence balance performance and its relation to falls in a real life environment is not yet well understood and warrants further investigation.
